It is essential to study the molecular architecture of postsynaptic density (PSD) to understand the molecular mechanism underlying the dynamic nature of PSD, one of the bases of synaptic plasticity. A well-known model for the architecture of PSD of type I excitatory synapses basically comprises of several scaffolding proteins (scaffold protein model). On the contrary, 'PSD lattice' observed through electron microscopy has been considered a basic backbone of type I PSDs. However, major constituents of the PSD lattice and the relationship between the PSD lattice and the scaffold protein model, remain unknown. We purified a PSD lattice fraction from the synaptic plasma membrane of rat forebrain. Protein components of the PSD lattice were examined through immuno-gold negative staining electron microscopy. The results indicated that tubulin, actin, ainternexin, and Ca 2+ /calmodulin-dependent kinase II are major constituents of the PSD lattice, whereas scaffold proteins such as PSD-95, SAP102, GKAP, Shank1, and Homer, were rather minor components. A similar structure was also purified from the synaptic plasma membrane of forebrains from 7-day-old rats. On the basis of this study, we propose a 'PSD lattice-based dynamic nanocolumn' model for PSD molecular architecture, in which the scaffold protein model and the PSD lattice model are combined and an idea of dynamic nanocolumn PSD subdomain is also included. In the model, cytoskeletal proteins, in particular, tubulin, actin, and a-internexin, may play major roles in the construction of the PSD backbone and provide linker sites for various PSD scaffold protein complexes/subdomains.
Post-synaptic density (PSD) plays important roles in signal processing upon receiving the neurotransmitter, which is related to generating synaptic plasticity. The shape and size of PSD, as well as the spine, change when long-term potentiation or long-term depression is induced (Bosch et al. 2014) . PSD is approximately 1 GDa (giga Dalton), which consists of several hundred to a thousand types of proteins. Membrane-associated guanylate kinase (MAGUK)-organized model (we refer to this as 'scaffold protein model' hereafter) for molecular architecture of the type I excitatory PSD has been discussed in recent years Boeckers 2006; Feng and Zhang 2009 ). In this model, the basic structure of the type I PSD is constructed by various scaffold proteins, many of which were found after the middle 1990 0 s. Among the scaffold proteins in the PSD, Shank/ ProSAP family protein is considered one of master scaffold proteins in the PSD, and nucleate underlying structure of the PSD (Baron et al. 2006) . In a recent concept (Dosemeci et al. 2016) , PSD is divided into two areas: 'PSD core' and 'PSD pallium', of which the depths are typically 30-50 nm from the post-synaptic membrane and further 50-60 nm toward the cytoplasmic side, respectively. The 'PSD core' is constantly highly electron-dense and corresponds to the surface area and the second layer immediately beneath the post-synaptic membrane where Glutamate receptors, PSD-95, and GKAP are localized. The PSD pallium is an area where Homer is localized and Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), synGAP, AIDA, and Shank translocate and become electron-dense when the synapse is intensely activated. Purified PSD contains not only 'PSD core' but also PSD pallium. There are actin-based cytoskeletons expanding from the PSD pallium to the cytoplasm of the spine.
Very early electron microscopic (EM) studies, before the discovery of a number of PSD scaffold proteins, revealed that PSD consists of a filamentous network, and the structure is called the 'filamentous web of the PSD' or 'dense submembranous filamentous array' (Blomberg et al. 1977; Cohen et al. 1983) . The fibrous structure in the spine and PSD is also observable in the deep etched freeze fractured samples (Landis and Reese 1983; Hirokawa 1989 ). Furthermore, a network structure, which was called 'junctional lattice' or 'PSD lattice' has been identified by extraction of synaptic plasma membrane (SPM), synaptic junction, or TritonX-100 (TX)-insoluble PSD with relatively strong detergent, deoxycholate (DOC), and proposed to be an underlining structure of the PSD Blomberg et al. 1977; Matus and Taff-Jones 1978; Matus 1981) . The PSD lattice is composed of a branching network of 5-nm-thick fibers, which construct an array of polygonal holes, each polygon being approximately 20 nm across. The PSD is elaborated on the lattice framework (PSD lattice). A mesh-like structure, similar to the PSD lattice, was also indicated in the platinumshadowed adult PSDs (Petersen et al. 2003) , and in the purified immature and mature PSD by electron cryotomography (Swulius et al. 2012) . Till now the key components and molecular organization of the PSD lattice have not yet been clarified because DOC-insoluble PSD containing the PSD lattice still contains numerous proteins, as well as TXinsoluble PSDs (Blomberg et al. 1977; Matus and Taff-Jones 1978) . It is currently tacitly believed that various kinds of scaffold proteins are interwoven to make the lattice-like network structure of PSD.
A recent study suggested the importance of post-synaptic structural remodeling for long-term potentiation expression, whereby the remodeling consisted of two steps: spine and PSD remodeling (Bosch et al. 2014) . The molecular mechanism underlying the PSD remodeling is not known at present. Precise knowledge of the PSD structure is indispensable for a deep understanding of the molecular mechanism for spine and PSD dynamics during expression of synaptic plasticity. In this paper, we investigated the basic backbone structure of type I excitatory PSD. In particular, it remains unclear whether the PSD lattice is a structure woven mainly, or only, by various PSD scaffold proteins. We examined the protein components of a purified PSD lattice structure through immuno-gold negative staining electron microscopy (EM).
Materials and methods
This study was not pre-registered.
Materials
Chemicals and antibodies used in this study are listed in Tables 1  and 2 . All chemicals not listed in the Table 1 are of reagent grade.
Ethical approval/animals Animals were handled in accordance with the Regulations for Animal Experimentation of Shinshu University. The animal protocol, together with animals handling, was approved by the Committee for Animal Experiments of Shinshu University (Approval Number 240066). Based on the national regulations and guidelines, all experimental procedures were reviewed by the Committee for Animal Experiments and finally approved by the president of Shinshu University.
Pregnant rats (Slc:Wistar(SPF), RRID, RGD_2314928, body weight: 220-250 g) were purchased from Japan SLC, Inc. (Hamamatsu, Japan) and housed at 23 AE 3°C, constant humidity, and 12-h light/dark cycle, in flat floor cage made by resin (polysulfone) with paper chip. Animals had free access to tap water and standard rat chow. prevent artificial oxidative cross-linking of proteins during the preparation of SPMs, buffers A and B were supplemented with 2 mM iodoacetamide (IAA) during the isolation process. Purified SPMs were stored unfrozen in buffers containing 50% glycerol at À30°C. Longer storage at À80°C did not cause any deterioration of the samples in this experiment.
'Regular' TX-PSD (PSD prepared by TX-100 treatment; similar designation to follow throughout) was prepared from 6-week-old rat forebrains, using the method of Cohen et al. (Suzuki 2011) . DOC-PSD holding the 'authentic' PSD lattice structure was prepared by treatment of regular TX-PSD with 0.5% DOC for 1 h at 4°C and pelleted by centrifugation at 15 800 g for 5 min at 4°C, using the method by Blomberg et al. (1977) .
Purification of 1% n-Octyl-b-D-glucoside (OG)-IS-11, 1% OG-IS-11B, and OG-PSD Purification of fractions after sucrose density gradient (SDG) centrifugation is summarized in Figure S1 . SPMs (500 lg protein, small-scale purification) was treated with 1% n-Octyl-b-D-glucoside (OG) in 1.75 mL of 20 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl and 1 mM EDTA (TNE buffer), and separated into the soluble and pellet fractions by ultracentrifugation at 200 000 g max for 30 min at 4°C. Detergent treatments were supplemented with protein inhibitor mixtures (p8340; SigmaAldrich, St Louis, MO, USA) at 1/200 dilution, along with IAA (2 mM). The pellets (insoluble fraction, IS) were hand-homogenized with Hamilton homogenizer, in 1.75 mL of TNE buffer, supplemented with IAA (2 mM), mixed with an equal volume of TNE containing 80% sucrose, and poured into centrifuge tubes. The solutions were overlaid with TNE buffers containing 30% sucrose and then 5% sucrose (3.5 mL each), and centrifuged at 256 000 g max for 30 h at 4°C. Eleven fractions were collected and the pellets (fraction 12) were suspended with 955 lL of TNE buffer. 1% OG-IS-11 is the 11th fraction (an insoluble fraction 11 obtained after treatment with 1% OG; similar designation to follow throughout).
The PSD lattice fraction, a bottom portion of 1% OG-IS-11 (1% OG-IS-11B) was isolated from SPMs (5 mg, large-scale purification) after treatment with 1% OG in 17.5 mL of TNE buffer. Because concentration of PSD lattice structures contained in the 1% OG-IS-11B is low, it is necessary to purify it by a large-scale method, as mentioned here. The pellets obtained after the ultracentrifugation were hand-homogenized in 1.75 mL of TNE buffer, and processed for the SDG centrifugation as described above. 1% OG-IS-11B is a bottom portion (~100 lL) of 1% OG-IS-11. For OG-PSD, we recovered pellet/fraction-12 after the SDG. In some cases, for PSD purification, ultracentrifugation before SDG centrifugation was omitted for easiness. Therefore, OG-PSD was prepared as either OG-12 or OG-IS-12, and the detailed fraction name was supplemented in parenthesis after each OG-PSD. The OG-12 PSD contains exclusively type I excitatory PSD (Zhao et al. 2014) .
Immuno-gold negative staining and EM Thin section samples for EM were prepared as described previously . Briefly, sample solution containing 1% OGinsolubule structures was incubated with 2% glutaraldehyde for 1 h, and further incubated with 1% osmiumtetroxide for 30 min, both on ice. Pellets were obtained by centrifugation at 15 800 g for 2 min at 4°C, dehydrated with series of graded concentrations of ethanol, transferred into propylene oxide, and embedded in Epon. An ultrathin section was cut and stained with uranyl acetate and lead citrate.
For negative staining coupled with immuno-gold technique, 5-nm or 10-nm gold particles (less than 12 nm) were used (DeGiorgis et al. 2006) . Structures in the 1% OG-IS-11B or PSD preparation (1% OG-IS-12 in this case), in a solution supplemented with 1/200-diluted protease inhibitor cocktail, were attached to the formvarcoated grid at 0°C. The formvar membrane on the gird was blocked with 10% normal goat or rabbit serum in Tris-buffered saline (TBS) (pH 7.4) on ice for 10 min, followed by 5% bovine serum albumin (BSA) in TBS (twice), incubated with the 1st antibody (Table 2) suspended in the 1% normal goat or rabbit serum at 25°C for 1 h, washed with 5% BSA in TBS three times, further incubated with immuno-gold-labeled anti-mouse, rabbit or goat antibody (1/50-diluted in the 1% normal goat or rabbit serum) at 25°C for 30 min, fixed with 1% glutaraldehyde in phosphate-buffered saline (PBS) for 5 min on ice, and washed with H 2 O three times briefly. Then, the samples were negatively stained with nano-W (methylamine tungstate) twice following the manufacturer's recommendation. Incubation with the 1st and 2nd antibodies was carried out in the presence of a protease inhibitor cocktail at 1/200 dilution. In some cases, samples were treated with pepsin at 35°C for an indicated time, after blocking with 10% normal goat or rabbit serum. The pepsin treatment was stopped immediately by transfer of the grid onto H 2 O droplet twice, followed on by cold TBS containing 5% BSA solution. Optimum durations of pepsin pre-treatment were determined sample to sample and antibody to antibody. Specimens were examined under a JEOL JEM-1400EX electron microscope (EM) (JEOL, Tokyo, Japan) at 80 kV and images were taken by 4008 9 2672 pixel elements CCD camera (Gatan SC1000; Gatan Inc., Tokyo, Japan). Stereo pair images were made from two images obtained after tilting at +10°to À10°with a goniometer stage, using the tilting device of the JEM-1400 microscopes. For EM tomography, the specimen (thin sections of 1% OG-IS-11) was tilted from À60°to + 60°and imaged at 1°steps (121 images per view). Images were taken by RECORDER Roku Software (System in Frontier, Inc., Tokyo, Japan) equipped with the JEOL JEM-1400EX EM. Images obtained from a tilt series were aligned using COMPOSER software (System in Frontier, Inc.), and threedimensional (3-D) images were reconstructed using the simultaneous iterative reconstruction technique by VISUALIZER-Kai software (System in Frontier, Inc.). Sharpness of images was enhanced using Unsharp mask, and contrast of images was modified by Photoshop to demonstrate gold particles clearly. For quantification of PSD proteins, gold particles were counted after taking electron micrographs.
Protein profiling
For protein profiling, each SDG fraction (20 lL unless stated otherwise) was separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the gels were stained with silver or SYPRO Ruby. Western blotting was carried out using a chemiluminescent substrate and visualized with a CCD video camera system (Atto Densitograph Lumino CCD AE-6930; ATTO Bioscience & Technology, Tokyo, Japan). For dot blot, 2 lL of sample fraction was blotted on polyvinylidene difluoride membranes (Immobilon). Whole content of samples was blotted on the polyvinylidene difluoride membranes, without any solubilization or extraction. Blot membranes were then blocked with 0.5% BSA solution and processed for immunodetection in the same manner as western blotting. (1) Anti-tubulin antibody was produced in a rabbit using pig tubulin as antigen.
a Anti-b-actin (sc-47778; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was used, because anti-pan-actin antibody (pan Ab-5; Thermo scientific, UK, RRID, AB_10983629) did not label well the 1% OG-11B and PSD.
Statistical analyses
Data are presented as mean AE SE. Vertical plots are indicated in the figures and Figure legends . The 'n' number represents number of samples measured and is indicated in the parenthesis above each bar. Statistical analyses (Shapiro-Wilk normality test and Mann-Whitney test) were performed using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA). Mann-Whitney test was adopted because samples were not in a normal distribution. No blinding and no randomization were performed. Results were taken to be statistically significant when p < 0.05.
Results
Morphology of the unique structures in 1% OG-IS-11 prepared from both adult and immature brains We previously analyzed the separation process of synaptic membrane rafts and PSD from SPM, with three kinds of detergents (Zhao et al. 2014) . In the study we found that OG solubilized most of the SPM proteins, except for actin, and left unique insoluble fraction, 1% OG-IS-11, which contained exclusively actin (Zhao et al. 2014 ) (See also Figure S2 ). We started to investigate if this fraction had structural elements for synapses. We identified mesh-like structures with various sizes (<1 lm) in the fraction. The structures were different from PSDs (Fig. 1b) . Examples of enlarged individual mesh-like structures are shown in Fig. 1(c) . Structures appeared to be relatively planar based on micrographs obtained from different angles (Fig. 1d-1 and d-2, Figure S3 ).
Furthermore, we observed the mesh-like structures by negative staining EM examination. Figure 2 shows stereo views of typical negatively stained structures. Fine appearance of molecules constructing mesh fibers was visualized. For observation of negatively stained samples, we used bottom portion of the 1% OG-IS-11 (1% OG-IS-11B) because structures of interest were more concentrated in the bottom portion.
We compared the morphology of the structures in the 1% OG-IS-11B with PSDs (1% OG-12 and 0.75% OG-12) in negative staining. Typical two photos for each preparation are shown in Fig. 3(a) . The structures in the 1% OG-IS-11B appeared to be sparser than PSDs, and mesh-like structures (arrows in Fig. 3a) were more clearly observable than in the PSD. Similar but more packed structures were observed in 1% OG-PSD. In 0.75% OG-PSD, the structure was more packed with molecules and more electron-dense, than those in the 1% OG-PSD, which may be because of the milder solubilization with the lower concentration of OG. Similar difference in density of PSD was confirmed in thin sections ( Figure S4 ). Sizes of the structures are in the same range between 1% OG-IS-11B and OG-PSDs. However, structures in the 1% OG-IS-11B were significantly, although to a small extent, smaller than 1% OG-PSDs (Fig. 3b) . There was no significant difference in the size of mesh-like structures between thin sections and negative staining.
We then investigated the 1% OG-IS-11B fraction prepared from immature forebrains and compared it with immature PSDs (7 days, 1% OG-12) (Fig. 4 and Figure S4 ). Typical examples of stereo views of EM of negatively stained structures in the 7 days, 1% OG-IS-11, are shown in Figure S5 . Immature PSD was sparser than the adult PSD in both negative staining and thin sections. Mesh-like structures were observed even in the PSD in thin section at 7 days of age (arrows in Fig. 4 ). Mesh-like structures similar to those in adult 1% OG-IS-11B, although not so clearly mesh-like, were observed in the negative staining of immature OG-IS-11B. Meager mesh-like structures, such as those shown in Fig. 4 , were more frequent in the immature 1% OG-IS-11B than the adult ones.
Analysis of protein components of adult PSD lattice structure by immuno-gold negative staining EM We examined distribution of typical PSD proteins in the mesh-like structures in the 1% OG-IS-11B by the immunogold EM technique, coupled with negative staining. We adopted this method because of the small requirement of samples and time to prepare EM samples. Also, direct detection of signals on the target structure can avoid false counts, owing to mixture with signals on the other structures co-existing in the preparation. We examined focusing on typical cytoskeletal and scaffold proteins in the PSD: tubulin, actin, a-internexin (a-IN), neurofilament-L (NF-L), CaMKIIa and b, PSD-95, SAP102, Shank1 GKAP/SAPAP, and Homer. Typical examples of distribution of immuno-gold labels for each protein in 1% OG-IS-11B are shown in Fig. 5(a) and Figure S6 . For comparison, distribution was also examined in the same way in the 1% OG-PSD (1% OG-IS-12 in this case), and typical distributions are shown in Fig. 5b and Figure S7 . There are no microtubules and only a few F-actin fibers associated with the structures in both 1% OG-IS-11B and 1% OG-PSD. Presence, abundance, and distribution of tubulin in the 1% OG-IS-11B, were confirmed on immuno-gold staining using another anti-tubulin antibody (anti-b-tubulin antibody (clone Tub2.1; Sigma, St Louis, MO, USA) (not shown).
We confirmed the results of immuno-gold negative staining by the immunogold labeling of the 'authentic PSD lattice', which was prepared by treatment of 'regular' TX-PSD (see Methods) with DOC according to the method reported previously (Blomberg et al. 1977) . Structures similar to those identified in the 1% OG-IS-11B were found in the 'authentic PSD lattice' preparation, and these structures were immuno-labeled with anti-tubulin and anti-b-actin antibodies; the representative EM images are shown in Figure S8 . The results suggest that the structures contained in the 1% OG-IS-11B are purified PSD lattice structures. The amount of typical PSD proteins on the structures in the 1% OG-IS-11B and 1% OG-PSD (1% OG-IS-12 in this case) ( Figure S6 and S7) was quantitated and the results are summarized in Fig. 6 . Structures of which morphology were apparently different from those shown in Fig. 2 (see Figure S9 ) were excluded from counting the immuno-gold particles. Levels of control, in which primary antibodies were omitted, were very low in both 1% OG-IS-11B and 1% OG-PSD. Brief digestion with pepsin (gray bars in Fig. 6 ) increased the numbers of labels for some PSD proteins, in particular, many PSD scaffold proteins and actin in the PSD, and PSD-95 in 1% OG-IS-11B. This implies that primary antibodies against these proteins were not easily accessible owing to internal localization of the target proteins in the structures or blocking of antigenic sites by nearby associating proteins even though they are localized near the surface. Relatively internal localization in the PSD structure explains this result for many PSD scaffold proteins. The responses to pepsin digestion were not necessarily the same between 1% OG-IS-11B and 1% OG-PSD even in the same proteins. This may be mainly owing to the difference in sparseness of the two structures, and absence of proteins hindering access of antibodies to some target proteins in the 1% OG-IS-11B. Pepsin pre-treatment was required for labeling of PSD-95 in 1% OG-PSD and the requirement was not changed in 1% OG-IS-11B, whereas the requirement was changed in the case of Shank1. Levels of SAP102 and Homer in both 1% OG-PSD and 1% OG-IS-11B were changed as much after pepsin pre-treatment. Thus, the pre-treatment was not required for labeling of SAP102 and Homer. Pepsin pretreatment was not carried out when labeling the a-IN, CaMKIIa and b, and NF-L on 1% OG-IS-11B, since the pretreatments were not necessary for these labeling in 1% OG-PSD, which is denser than the 1% OG-IS-11B. Immuno-gold label for GKAP was rarely detected by 10-nm gold and the label did not significantly increase after pepsin digestion for 2 min. Therefore, we used 5-nm gold particles to examine the GKAP distribution in both structures.
Analysis of protein components of immature PSD lattice structure by immuno-gold negative staining EM Distribution of typical PSD proteins was also examined in the immature 1% OG-IS-11B in a similar way as in the adult structure. Presence of tubulin and b-actin in 7 days, 1% OG-IS-11B was confirmed as shown in Fig. 7 (a) and (b). Both tubulin and b-actin were localized in the small structures (e.g., < 100 nm in diameter), possibly nascent fragments or partly broken fragments during detergent treatment of immature SPM. Difference in morphology and size of negatively stained 7 days, 1% OG-IS-11B structures may be because of variability in maturity of the structures. Contents of typical PSD proteins in the immature structures were quantitated as summarized in Fig. 7(c) . In the case of immature 1% OG-IS-11B, pepsin digestion was avoided because it caused severe damage to the structure and made it difficult to identify lattice-like structures. Instead, we used 5-nm immuno-gold particles to label the scaffold proteins and CaMKII. For label of cytoskeletal proteins, 10-nm gold was used since there appeared to be no problem in the access of the 10-nm gold to cytoskeletal proteins judging from the result of the adult 1% OG-IS-11B. We did not examine NF-L because the protein was not present, and very scarce, in the adult 1% OG-IS-11B and 1% OG-PSD, respectively (Fig. 6 ). Anti-Homer 1 or anti-Homer 3 mouse monoclonal antibodies were used instead of anti-Homer goat polyclonal antibody (sc-8921; Santa Cruz, CA, USA) in this study. Tubulin was the most abundant in immature 1% OG-IS-11B. SAP102 and GKAP were very low in their contents in the immature sample. Tubulin, Shank1, b-actin, a-IN, CaMKIIb were approximately the same as those in the adult structure: PSD-95 and Homer were approximately 2-fold, CaMKIIa was approximately half (compare Figs 6a and 7c) . Low content of CaMKIIa in the 7-day-old sample is in parallel to its low expression in the early developmental days (Kelly et al. 1987) .
Analyses of protein components of PSD lattice by western blotting and immuno-dot blot assays Protein components were analyzed by SDS-PAGE to confirm the protein composition of the PSD lattice (1% OG-IS-11B) (Fig. 8a) . Both 1% OG-IS-11 and 1% OG-IS-11B were highly enriched with actin (Fig. 8a, Figure S2 ), which was identified through mass spectrometry and western blotting. Thus, actin was substantially a mere or a major component of 1% OG-IS-11 and 1% OG-IS-11B, according to SDS-PAGE. This result contrasts the results by immunogold EM examination. To further analyze the protein components, contents of typical PSD cytoskeletal proteins and scaffold proteins in the 1% OG-IS-11, 1% OG-IS-11B, and 1% OG-IS-12 were examined through western blotting (Fig. 8b) . First, the contents of tubulin and a-IN were unexpectedly found to be extremely low compared with 1% OG-IS-12 in western blotting. This result was different from those obtained from immuno-gold negative staining, in which tubulin was highly enriched in both the PSD lattice and the PSD (Fig. 6 ). There was no band immunoreactive to PSD-95 in 1% OG-IS-11 and 1% OG-IS-11B, and no GKAP-immunoreactive band in all three preparations. Homer1, CaMKII, and b-actin were detected in the 1% OG-IS-11B. CaMKIIb, but not CaMKIIa, appeared to be concentrated in the 1% OG-IS-11B. b-actin was greatly concentrated in both 1% OG-IS-11 and 1% OG-IS-11B.
To investigate the reason for the discrepancy between western blotting and immuno-gold negative staining, we carried out the immuno-dot blot assay. Representative dot blot images for each protein were aligned with the western blot membrane for comparison (Fig. 8b) . Profiles of protein distribution in the three preparations, revealed by immunodot blot assay, were substantially the same as those obtained from western blotting for PSD-95, Homer1, CaMKIIb, and b-actin. In contrast, the profiles were different between western blotting and immuno-dot blot assay for GKAP, a-IN, tubulin, and CaMKIIa. Thus, western blot analysis and immuno-dot blot assay yielded different distribution profiles of proteins on these three preparations.
Pre-treatment of the protein-blotted membrane with pepsin, as was done in immuno-gold EM, lowered protein contents held on the membrane and deterred the immunological detection of the protein. The presence of tubulin and a-IN in the 1% OG-IS-11B was confirmed by preliminary proteomic analyses (not shown).
In summary, proteins contained in the IS-11B were solubilized with SDS-mercaptoethanol to variable extents: some proteins, such as tubulin and a-IN, were extremely insoluble to SDS and mercaptoethanol (Fig. 8) . Next, we examined the 1% OG-IS-11B by negative staining EM after boiling them for 3 min in the presence of SDS-mercaptoethanol (2.1% and 3.6%, respectively) and found PSD lattice-like structures which contained tubulin and a-IN ( Figure S10 ).
Discussion
PSD lattice structure was purified We investigated novel structures contained in a, as yet unknown, fraction derived from SPM. The structures contained in the fraction are similar to PSDs in terms of size, planar nature, and morphology at EM level in both thin sections and negative staining. The structures appear to be constructed by woven fibrous materials, and make mesh-like frameworks. The structures are sparser and slightly lighter than PSDs. They contained typical PSD scaffold proteins, although their contents were lower than the PSD (Fig. 6) . Furthermore, the structure appears to be the same as the DOC-insoluble 'authentic PSD lattice' Matus and Taff-Jones 1978; Matus 1981) . These results suggest that the structures concentrated in the 1% OG-IS-11B are related to PSD and they are PSD lattice structures. The presence of the mesh-like structure is supported by the disclosure of such structure by harsh solubilization of PSDs (ex. with 5% TX-100) (Guo et al. 2017) . A similar structure, interlaced fiber network structure of PSD, is clearly shown in the synaptic complex prepared using p-iodonitrotetrazlium, a protein cross-linker (Suzuki et al. 2008) , and further treated with 1 or 8 M urea and various PSD proteins in the 7 days, 1%OG-IS-11B structures. Antitubulin and a-IN antibodies are rabbit origin, and 10-nm gold particle was used as well as labeling of b-actin. Five-nm gold particle was used in the other cases. Sample numbers are indicated in the parenthesis above each bar. For controls (Cont), immunolabeling was carried out using 2nd antibodies against mouse (M) or rabbit (R) IgG without using primary antibodies. mild sonication (Cotman and Taylor 1972) . Thus, the meshlike structure appears to be a backbone structure of the PSD, which is buried underneath the PSD. Mesh-like structures similar to the PSD lattice were also indicated in the platinum-shadowed adult PSDs (Petersen et al. 2003) . Therefore, the meshwork structure does not appear to be an artifact produced after treatment of synapses with detergents. Thus, this experiment supports the idea that the mesh-like structure is present underneath the PSD and that it is a backbone structure of PSD. The purified structure may be different from actin meshworks which expand from PSD into a whole cytoplasm of spine (Gulley and Reese 1981; Cohen et al. 1985) .
Protein components of purified PSD lattice Protein components of the PSD lattice were validated by immuno-gold labeling EM, since western blotting was not reliable owing to insolubility of some components of the PSD lattice to SDS-mercaptoethanol (Fig. 8b) . Tubulin was the most abundant component among those tested, based on the immuno-gold EM analysis (Fig. 6) . Actin, a-IN, and CaMKII were also relatively abundant compared with typical PSD scaffold proteins. Tubulin was also abundant in the adult type I PSD compared with the typical PSD scaffold proteins. Actin content is in the same level among the PSD lattice and the PSD, and a-IN is slightly less abundant than typical scaffold proteins in the adult type I PSD. Another typical cytoskeletal protein, NF-L, was very sparse in both the PSD lattice and PSD of type I synapse. Typical PSD scaffold proteins were present in the isolated PSD lattice, however, their contents were lower than those in PSD. Thus, tubulin, actin, a-IN, and CaMKII are abundant protein constituents of the adult PSD lattice. Effects of pepsin digestion differed between the PSD lattice and PSD, which Comparison of various PSD proteins by western blotting (WB) and immuno-dot blotting (Dot). The same volume of fractions (4 and 2 lL for western and immuno-dot, respectively) was applied. The same antibodies as those used for immuno-gold negative staining were used to avoid complexity in evaluation of the results. Four sets of different preparations were examined and representative results are shown. Lane marked by PC is a positive control for GKAP western blotting using 1% OG-12. Dot blot of total proteins contained in each fraction stained with SYPRO Ruby is also shown at the bottom. Lower image of western blotting of tubulin shows the presence of both a and b subunits. '1% OG' in fraction names is omitted in the figure for simplicity.
suggests a difference in the accessibility of antibody to each protein in these structures.
In the immature PSD lattice prepared from 7-day-old rats, tubulin was the most abundant protein, whereas actin, a-IN, and CaMKII were in the same level with some of PSD scaffold proteins (Fig. 7) . Extremely low abundance of SAP102 and GKAP in the immature PSD lattice, suggests that both proteins are not involved in the initial formation of PSD lattice of type I synapses. In particular, SAP102 was less abundant than PSD-95 in the PSD lattice, even in the early developmental days when its expression was higher than adult days in the PSD (Sans et al. 2000; Petralia et al. 2005; Zheng et al. 2011) . The result suggests that SAP102 is not involved in formation and maintenance of the PSD lattice of type I synapses, and is in good agreement with a report that SAP102 is primarily responsible for synaptic trafficking of a-amino-3-hydroxy-5-methylisoxazole-4-propionate and NMDA receptors during synaptogenesis (Elias et al. 2008) . GKAP may be incorporated into PSD and PSD lattice structures in later developmental stages. Relative abundance of some PSD scaffold proteins, such as PSD-95, Shank1, and Homer, suggest association of such MAGUK proteins with immature PSD lattice.
Our results thus suggest that the PSD lattice, of both adult and 7-day-old rats, is constructed with both major cytoskeletal proteins and PSD scaffold proteins among which, one of the major components is tubulin. Although, it is not yet clearly known whether cytoskeletal proteins alone, without PSD scaffold proteins, can organize a PSD lattice, the tubulin-based PSD lattice is formed in the early stage of synaptogenesis and then other PSD proteins, such as scaffold proteins, become associated with the lattice as PSD matures. We propose that a tubulin-containing structure forms the PSD lattice, the backbone framework for the PSD structure.
SDS-insolubility of tubulin and a-IN were observed in the PSD lattice prepared in this study. Such SDS-insoluble property of tubulin has also been demonstrated in the previous report (Li et al. 2004) . We are now intensively investigating on this matter.
Tubulin, actin, a-IN, and CaMKII in the PSD There are accumulating EM data using diaminobenzidine suggesting the presence of tubulin in the PSD Caceres et al. 1984) . High labeling of PSD not expanding to the cytoplasmic area of outside PSD (Caceres et al. 1984) suggests that tubulin is confined to the PSD. It has been suggested that tubulin is present in the PSD in nonmicrotubule form .
It is well established that actin is a major cytoskeletal components in dendritic spines of neuronal cells (Capani et al. 2001b) . Number of studies using various EM techniques wide distribution of actin in the PSD along the depth from postsynaptic membrane to the cytoplasmic surface of the PSD pallium (Matus et al. 1982; Caceres et al. 1983; Cohen et al. 1985; Capani et al. 2001a,b; Rostaing et al. 2006) . Analysis of PSD using the Nano-Depth-Tagging method suggested that actin resides inside of the PSD (Yun-Hong et al. 2011) .
There are only a few studies regarding a-IN, 66-kDa neurofilament subunit, in the PSDs. Immuno-EM study using diaminobenzidine (Suzuki et al. 1997) reported the relatively confined distribution of a-IN to PSD, and the distribution of a-IN in PSD starts before the period of synaptogenesis.
CaMKII is localized in both the core and cytoplasmic surface of the PSD by negative staining EM tomography (Fera et al. 2012) . Nano-Depth-Tagging method also supports localization of the enzyme inside the PSD (Liu et al. 2006; Chang et al. 2007; Yun-Hong et al. 2011) .
Thus, these reports support our finding that these cytoskeletal proteins are associated with the PSD lattice. However, it should be clarified whether tubulin in the PSD lattice is not postmortem accumulation, since microtubules at the post-synaptic region depolymerize easily by cooling (Kirov et al. 2004) and tubulin accumulates to the PSD postmortem (Carlin et al. 1982) .
Relationship between the PSD lattice structure and the PSD scaffold assemblies The PSD consists of two classes of structural units: scaffoldassembled receptor complex (e.g., PSD-95 complex) and PSD lattice. Our results suggest that the PSD lattice structure is not a construct built only or mainly by PSD scaffold proteins, rather mainly by tubulin, actin, a-IN, and CaMKII. We propose here a 'combined scaffold-organized components and PSD lattice' model for PSD molecular architecture (Fig. 9 ): PSD lattice may form a basic framework underlying the PSD structure and may affect the overall synaptic structure. Tubulin, actin, and a-IN may be essential components for the PSD lattice, and scaffold proteins alone may not be able to form this basic framework structure. Scaffold proteins at synapses have two major roles: roles for structure and for signaling complex formation and linkage (Won et al. 2017) . MAGUKs, one type of scaffold proteins, may play a greater role in the formation of functional protein complexes or nanodomains/nanocolumns in the PSD, than a direct structural role for PSDs.
One experiment reported the existence of type I PSDs that lacked either one of PSD-95, PSD-93, SAP97, or SAP102 proteins, although we do not know whether such PSD lacks all of PSD-95 family MAGUK proteins (Aoki et al. 2001) . The content of PSD-95 in PSDs was variable. Farley et al. (2015) reported that PSD-95 is the most abundant scaffold in cortical PSDs but not in hippocampal and cerebellar PSDs, and PSD-95 was absent in one type of cerebellar PSD. Recently, triple knockdown of three typical MAGUK proteins, PSD-95/Dlg4, PSD-93/chapsin110/Dlg2, and SAP102/Dlg3, demonstrated that MAGUK proteins have a central role in maintaining and anchoring GluRs at the PSD but not in the formation of overall synapse structures including positioning of pre-and post-synaptic membranes (Chen et al. 2015) , because pre-and post-synaptic membranes remained normal even though electron-dense structures corresponding to 'PSD core' (Dosemeci et al. 2016) and both a-amino-3-hydroxy-5-methylisoxazole-4-propionates and NMDARs, were reduced at the PSD. The triple knockdown produced the presence of synapses without highly electron-dense PSD structures, which were regarded as immature synapses (Chen et al. 2015) . If they are immature synapses, they lack PSD-95 or other MAGUK proteins. Thus, the role of MAGUKs are rather related to the appearance of the highly electron-dense 'PSD core' layer and do not cover the overall region of the PSD (PSD plus PSD pallium) or overall synaptic structure. PSD-95 may not be involved in the formation of initial synaptic sites because synaptic vesicle accumulation at the synapse-forming site preceded PSD-95 accumulation (Okabe et al. 2001) . In addition, PSD-95 increased in non-synaptic NMDA receptorisland, possibly a nascent PSD, in later stage of development (Tao-Cheng et al., 2015) . Thus, overall structures of excitatory synapses do not appear to be formed, nor maintained by MAGUK proteins alone.
However, roles of scaffold proteins other than MAGUKs, in particular, Shank, GKAP, and Homer, may have greater roles for PSD structures, as well as those related to signaling protein complexes and their linkage. They interconnect themselves and general cytoskeletons, and thus participate in the structural role, in particular in the PSD pallium region.
Structural roles of scaffold proteins are supported by the facts that over-expression or down-regulation of scaffold proteins, such as Shank, affects the size of the spine (Sala et al. 2001) . Shank translocated to the PSD pallium (Tao-Cheng et al. 2010; Dosemeci et al. 2016 ) may be involved in the enlargement of highly electron-dense regions of PSDs. Shank is responsible for high electron density of PSDs but not for the overall structure of synapse, from the Shankdepleted/reduced experiments (Grabrucker et al. 2011) . GKAP plays a structural role by connecting the PSD-95 layer and the Shank layer. Shank proteins form a sheet-like structure, which could be a platform for the construction of the PSD complex (Baron et al. 2006) . Homer and Shank make a polymeric network structure (Hayashi et al. 2009) , and both proteins appear to coordinately induce spine enlargement (Sala et al. 2001) .
Our model could be supported by the fact that contents of tubulin, actin, CaMKII, and a-IN, are much higher than those of PSD-95 and other PSD scaffold proteins (Lai et al. 1999; Peng et al. 2004; Cheng et al. 2006) . The idea of tubulincore in our model is supported by the presence of tubulin in the core region of PSD (Ratner and Mahler 1983; Yun-Hong et al. 2011) . The PSD lattice may be connected to microtubules because the direct connection of microtubules to PSD is observed in both mature and immature brains (Westrum and Gray 1977) . Transiently formed microtubules in the spine may be related to PSD maturation and plastic changes. (a) 'Dynamic scaffold/adaptor assembly nanocolumn' model modified from (Tang et al. 2016) , where pre-synaptic and post-synaptic structures make column-like structures perpendicular to the synaptic membrane. Post-synaptic portion of the column was constructed from PSD scaffold assembly. Organization and distribution of the column in the synaptic area are dynamic in nature. (b) 'PSD lattice-based dynamic nanocolumn' model, a new PSD organization model based on this study. PSD lattice structure which is mainly constructed with tubulin and a-IN is constructed early in synaptogenesis and works as a basic structure of the PSD. PSD scaffold proteins become associated with the PSD lattice structure and make a nanocolumn protein complex. Association and organization of the nanocolumn structure with PSD lattice change dynamically during development and upon synaptic stimulation.
The PSD lattice becomes visible when associated PSD proteins are greatly extracted from highly electron-dense PSD, e.g. by DOC and 5% TX-100. Therefore, the PSD lattice resides in the electron-dense 'PSD core' region, where PSD-95 resides and GKAP is nearby. Considering that the purified PSD lattice contains Shank and Homer, which are pallium residents, the PSD lattice may include the PSD pallium region. This point should be verified in the future. The PSD lattice does not hold glutamate receptors because our shotgun proteomics analysis detected only 2 glutamate receptor subunit-derived peptides among 2310 peptides detected (not shown).
Conclusions
We purified the PSD lattice structure, which is constructed majorly of tubulin, actin, and a-IN rather than typical PSD scaffold proteins. We propose here a new PSD architecture model, which is a combination of the PSD lattice structure and the PSD scaffold assemblies.
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